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Abstract 


I present briefly our systematic calculations on the spectroscopy and transi- 
tion properties of intermediate-mass and heavy nuclei around !°°Sn and 2°°Pb 
with realistic interactions, by using the large-scale configuration interaction 
shell model approach. I will show that the yrast spectra of Te isotopes present 
a vibrational-like equally spaced pattern, but the few known E2 transitions 
exhibit anomalous rotational-like behavior which cannot be reproduced by col- 
lective models. Moreover, the calculated B(E2) values for neutron-deficient 
and heavier Te isotopes show contrasting different behaviors along the yrast 
line, which may be related to the enhanced neutron-proton correlation when 
approaching N = 50. I will also take Pb isotopes as example to illustrate the 
application of the importance-truncation approach constructed based on the 
monopole Hamiltonian. For those nuclei, the full shell-model results also agree 
well with our generalized seniority and nucleon-pair-approximation truncation 
calculations. The deviations between theory and experiment concerning the ex- 
citation energies and electromagnetic properties of low-lying 0* and 2+ excited 
states and isomeric states may provide a constraint on our understanding of 
nuclear deformation and intruder configuration in that region. 
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1 Introduction 


The advent of radioactive ion beam facilities and new detector technologies has 
opened up new possibilities to investigate radioactive decays, structure and reaction 
properties of highly unstable nuclei [1]. These studies are now of particular im- 
portance in relation to the recent LIGO/VIRGO gravitational waves discovery and 
combined gamma-ray observations of the GW170817 neutron star merger. Recent 
investments in new or upgraded facilities such as FAIR at GSI, Darmstadt and FRIB 
at MSU will produce unprecedented data on exotic nuclei and nuclear matter that 
are relevant for neutron star mergers and the possible accompanying rapid neutron 
capture process. Moreover, one also aims at addressing fundamental nuclear physics 
questions including: How are complex nuclei built from their basic constituents and 
how can one explain collective phenomena from individual particle motion? In this 
contribution I would like to briefly discuss structure studies of intermediate-mass 
and heavy nuclei by using the so-called large-scale configuration interaction shell 
model approach. In particular, I will show its application in nuclei around !°°Sn 
and 2°8Pb. Even though most of the nuclei mentioned below are on the neutron- 
deficient side, they are of interest since they are the longest isotopic chains that can 
be studied by the nuclear shell model and provide excellent background to study the 
competition of single-particle and two-body excitations. 


Nuclear theory plays a critical role in explaining the regular emerging phenom- 
ena in nuclear many-body systems. The guiding principle for microscopic nuclear 
theory is that the building blocks of the nucleus, protons and neutrons, can be ap- 
proximately treated as independent particles moving in a mean field that represents 
the average interaction between all particles. On top of that, one has to consider the 
residual interaction between different particles. The residual interaction depends on 
the choice of the mean field. It should be weak in the ideal case. The so-called ab 
initio approaches (in the sense that realistic nucleon-nucleon interactions are applied 
without significant ad hoc adjustment), the nuclear shell model defined in a finite 
model space and the density functional theory are among the most commonly em- 
ployed nuclear models that have been developed. They treat the mean field in quite 
different ways. Within the ab initio family, the no-core shell model approach aims 
at considering the residual correlation between all nuclei in a large space defined 
by the harmonic oscillator single-particle orbitals. Those studies are constrained 
to very light nuclei. The nuclear shell model, as we call it, is a full configuration 
interaction approach. It considers the mixing effect of all possible configurations 
within a given model space. The model space is usually defined by taking a few 
single-particle orbitals near the Fermi surface. The number of orbitals one can in- 
clude is highly restricted due to computational limitations. It may be useful to 
point out here that, in contrary to the first impressions of most people, the nuclear 
shell model calculation can be actually more challenging than many ab initio models 
from a computational point of view. Extenstive studies on algorithm optimization 
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and possible truncation or approximation methods have been carried out. State- 
of-the-art configuration interaction algorithms are able to diagonalize matrices with 
dimension up to 2 x 10!°. Other challenges of the no core and full configuration 
interaction shell model approaches include for examples the connection of their ef- 
fective interaction to fundamental forces like the tensor force and three-body forces, 
and the complexity of the their wave function. Despite these challenges, the nuclear 
shell model is by far the most accurate and precise theory available on the market. 

Below I will give a brief review on the challenges and recent developments of 
the nuclear configuration interaction shell model approach at our group. I will also 
mention a few simple but efficient truncation schemes. Shell-model calculations 
have been shown to be very successful in describing nuclei below !°°Sn. Now we 
aim at giving a microscopic description of heavier nuclei. I will show some results 
we obtained for intermediate-mass and heavy nuclei around !°°Sn and 2°8Pb. I will 
explain the structure and decay studies of those nuclei, regarding both experimental 
and theoretical opportunities. A proper description of the N = 126 isotones is 
important for our understanding of the astrophysical r process and the possible 
existence of its third peak. 


2 The shell model and selected applications 


The residual interaction between valence particles around the Fermi surface is mostly 
supposed to be of a two-body nature. If the residual three-body interaction is 
neglected, the effective Hamiltonian in terms of single-particle energies and two- 
body matrix elements can be written as 


1 
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where we have assumed that the effective Hamiltonian conserves isospin symmetry, 
a = {nl JT} denote the single-particle orbitals and ¢g stand for the corresponding 
single-particle energies. No = oe Gk A,j.,t, 18 the particle number operator. 
(aB|V\y6) 77 are the two-body matrix elements coupled to spin J and isospin T. 
Ajr (At) is the fermion pair annihilation (creation) operator. 

One may rewrite the Hamiltonian as Herp = Hm + Hy where H,, and Hy 
denote the so-called monopole and Multipole Hamiltonians, respectively. The shell 
model energies can be written as 
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where >, < Ny >= N , W; is the calculated shell-model wave function of the state 
i. One often argues for the importance of the J’ = 0 monopole interaction in relation 
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to the fact that the T = 0 ones are mostly strongly attractive while the T = 1 ones 
are close to zero. However, it is the relative values among different T = 0 (or T = 1) 
channels that determines its relative importance. The relative value of the T = 0 
and T’ = 1 monopole interaction Vo,; only determines the relative position of the 
nuclear states with different total isospin 7. The wave function is not necessarily 
changed. 

Truncations often have to be applied in order to reduce the size of the shell-model 
bases. The simplest way of truncation is to restrict the maximal/minimal numbers 
of particles in different orbitals. This method is applied both to no-core (often being 
referred to Nmax) and empirical shell model (npnh) calculations. In Ref. [4] we 
studied the structure and electromagnetic transition properties of light Sn isotopes 
within the large gdshj,/2 model space by restricting the maximal number of four 
neutrons that can be excited out of the gg/2 orbital. However, the convergence can 
be very slow if there is no clear shell or subshell closure or if single-particle structure 
are significantly modified by the monopole interaction, as happens in neutron-rich 
light nuclei (see, e.g., Ref. [43]). 

One can evaluate the importance of a given basis vector ~; within a partition 
through a perturbation measure R; = |(wW;|Hes ¢|We)|/(€ — €c), Where w- is the cho- 
sen reference with unperturbed energy e€,. It is expected that the basis vectors with 
larger R; should play a larger role in the given state dominated by the reference 
basis ~,., from which a truncation scheme can be defined. The off-diagonal matrix 
elements (w;|Heff\c) are relatively weak in comparison to the diagonal ones. The 
most important configurations may be selected by considering the difference of un- 
perturbed energy difference as r; = €; — €-. A truncated model space can thus be 
defined by taking those states with smallest r;. The challenge here is that the trun- 
cated basis may not conserve angular momentum. An angular momentum conserved 
correlated basis truncation approach is introduced in Ref. [20]. We are implementing 
this method in the widely distributed shell-model code NuShellX by replacing its 
projection subroutine with our new correlated basis method. 


2.1 Nuclei around !°°Sn 


The two-body matrix elements of the effective Hamiltonian can be calculated from 
realistic nucleon-nucleon potentials where one has to consider the effect of its short 
range repulsion and the core polarization effects induced by the assumed inert core. 
However, an optimization of the monopole interaction is necessary in most cases due 
to neglecting explicit three-body forces and other effects. The neutron single-particle 
states d5/2 and g7/2 orbitals in 101Sn are expected to be very close to each other. A 
flip between the g7/2 and ds/2 orbitals from 103Sn to 10!Sn was suggested in Ref. [9]. 
That result was used in the construction of the effective Hamiltonian [36] where the 
monopole interaction was optimized by fitting to all low-lying states in Sn isotopes 
using a global optimization method. The effective interaction has been shown to 
be successful in explaining many properties of nuclei in this region. We have been 
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evaluating the structure and decay properties of nuclei around N = Z = 50 and 
Z = 82 as well as heavier open-shell nuclei within gdshj1/2 shell (see, for examples, 
Refs. [39, 40]). 


It was argued that !°°Sn may be a soft core in analogy to the soft N = Z = 28 
core °°Ni. It seems such a possibility can be ruled out based on indirect information 
from recent measurements in this region [3, 4, 13, 15,17]. The asymmetric electric 
quadrupole (E2) transition shape in Sn isotopes is suggested to be induced by the 
Pauli blocking effect [4]. A systematic study on the E2 transition in Te isotopes is 
done in Ref. [13]. One can state that the limited number of valence protons and 
neutrons are not expected to induce any significant quadrupole correlation in this 
region [5,8, 16,41]. 

For systems involving the same kind of particles, the low-lying states can be well 
described within the seniority scheme [38]. This is related to the fact that the T = 1 
two-body matrix element is dominated by J = 0 pairing interactions. The seniority 
number is related to the number of particles that are not paired to J = 0. Our recent 
studies on the seniority coupling scheme may be found in Refs. [18, 24,28, 29, 32,35]. 
One can also derive the exact solution of the pairing Hamiltonian by diagolizing 
the matrix spanned by the seniority v = 0, spin J = 0 states which represent only 
a tiny part of the total wave function. This is applied in Ref. [7, 33,43]. The 
seniority coupling can be broken if both protons and neutrons are present where 
neutron-proton (np) coupling may be favored. In relation to that, there has been 
a long quest for the possible existence of np pairing in N ~ Z nuclei (see, recent 
discussions in Refs. [6, 14,26, 27,42]). We have also done pair-truncated shell-model 
calculations with collective pairs as building blocks in Refs. [19,34,42] for both the 
standard shell model and continuum shell model in the complex energy plane. One 
example is the proton-unbound nucleus !°°I [22] for which the level structure and E2 
transition properties are very similar to those of !°°Te [3] and 1°Te [23], indicating 
that the odd proton in !°°T is weakly coupled to the !°°Te daughter nucleus, like a 
spectator. 


The low-lying collective excitations of mid-shell Cd and Te isotopes were dis- 
cussed in terms of quadrupole vibrations [11,16] in relation to the fact that the 
even-even isotopes between N = 56 and 70 show regular equally-spaced yrast spec- 
tra. If that is the case, those isotopes will provide an ideal ground to explore 
the nature of the elusive nuclear vibration. However, the available E2 transition 
strengths along the yrast line in !4!2°-!?4Te show an anomalous rotational-like be- 
havior [21,37]. It can not be reproduced by collective models or the interacting boson 
model. Another intriguing phenomenon is the nearly constant behavior of the ener- 
gies of the 2+ and 4* states in Te and Xe isotopes and their ratios when approaching 
N = 50, in contrast to the decreasing behavior when approaching N = 82 [16]. This 
was analyzed in Ref. [10] based on the quasiparticle random phase approximation 
approach. We have done systematic calculations on the E2 transition properties of 
Te isotopes in Ref. [31]. The calculations reproduce well the excitation energies of 
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the low-lying states as well as the regular and vibrational-like behavior of the yrast 
spectra of 1°8-12°Te, In particular, the calculations reproduced reasonably well the 
nearly constant behavior of the B(E2) values of !'+Te and !7°-!*4Te along the yrast 
line. The anomalous constant behavior is related to the competition between the se- 
niority coupling and the neutron-proton correlations. On the other hand, a squeezed 
gap between the 67 and 4} states is seen in Te isotopes when approaching N = 82, 
resulting in seniority-like spectra. A further experiment is done to study the an- 
gular momentum dependence of the E2 transition strengths in !!?Te [12]. It shows 
a similar but more ’vibrational’-like behavior. Potential-Energy Surface calcultions 
indicate that those nuclei may also be understood from a soft rotor point of view. 

Further calculations on the E2 transitions of Cd isotopes (with two proton holes 
instead of particles within Z = 50 closure) are underway. 


2.2 Pb isotopes 


We have done a systematic calculation on the structure and electromagnetic transi- 
tion properties of neutron-deficient PB isotopes, which may be studided experimen- 
tally using the AGATA detector. Our shell-model calculations can reproduce well 
the excitation energies of the low-lying 0+ and 2+ states in isotopes 19°~?°Pb [34]. 
The overall agreement between experiments and calculations are quite satisfactory. 
For nuclei heavier than !°°Pb, the difference between theory and experiment is less 
than 100 keV. The largest deviation appears in the case of !94Pb for which the calcu- 
lation overestimates E°™ by 300 keV. The empirical pairing gaps can be extracted 
from the binding energy by using the simple three-point formula. They carry im- 
portant information on the two-nucleon pair clustering as well as a clustering in the 
nuclei involved [2,25]. In nuclear systems, the pairing collectivity manifests itself 
through the coherent contribution of many shell-model configurations, which lead 
to large pairing gaps. 

The excitation energies of the first 2+ isotopes in Pb isotopes show a rather 
weak parabolic behavior. In the lighter Pb isotopes, the excitation energy of the 
second OT state decreases rapidly with decreasing neutron number. It even becomes 
the first excited state in !®4~!94Pb. Within a shell-model context, those low-lying 
Ot states may be interpreted as coexisting deformed states which are induced by 
proton pair excitations across the Z = 82 shell gap. The energy of those core- 
excited configurations becomes more favored in mid-shell Pb isotopes, in relation to 
the stronger neutron-proton correlation in those nuclei. 

We have developed an importance truncation based on the total monopole energy 
as [34] 


Np.o(Np.g — 6 
EB = SveoNpa+ >. Vinsas Pal = a) (3.1) 
a asp + ap 


where Np. denotes the particle distributions within a given partition P. One can 
order all partitions according to the monopole energy ES and consider the lowest 
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ones for a given truncation calculation. The idea behind is that the Hamiltonian is 
dominated by the diagonal monopole channel. The monopole interaction can change 
significantly the (effective) mean field and drive the evolution of the shell structure. 
We have done truncation calculations for two isotopes 7°°!94Pb. Convergence can 
be reached with a small portion (around 10%) of the total M-scheme wave function 
in both cases. This truncation approach can be easily implemented in most existing 
shell model codes [30]. 


3 Summary and future work 


I presented briefly our recent work on the configuration interaction shell model 
calculations of the spectroscopy and transition properties of intermediate-mass and 
heavy nuclei. I started by introducing the basic framework of the nuclear shell model 
and the monople channel of the effective Hamiltonian. A simple truncation scheme 
can be established by considering configurations with lowest monopole energies, 
which I refer to as the importance-truncation approach. Good convergence for Pb 
isotopes is reached from both the energy and wave function perspectives. Large scale 
calculations are carried out to study the spectroscopic and transition properties of 
nuclei around !©°Sn and 2°°Pb that cannot be reached by standard shell model 
calculations. 

Our effective Hamiltonians have been globally optimized for describing the Sn 
and Pb isotopes, which work well also for most open-shell nuclei. As an example, I 
mentioned the Te isotopes. The yrast spectra of Te isotopes show a vibrational-like 
equally spaced pattern, but the few known E2 transitions show anomalous rotational- 
like behahavior which cannot be reproduced by collective models. Moreover, the 
calculated B(E2) values for neutron-deficient and heavier Te isotopes show contrast- 
ing different behaviors along the yrast line, which may be related to the enhanced 
neutron-proton correlation when approaching N = 50. The Hamiltonian works well 
also for Sb, I and Xe isotopes but shows relatively larger deviations from experimen- 
tal data for selected other nuclei including Cs and Lu isotopes. An analysis of the 
origin of the deviations is underway. We are also optimzing the T = 0 channel of 
the effective interaction. In addition, we are extending the model space to include 
orbitals between the N = Z = 50 shell closure as well as neutron orbitals above 
N = 82 in order to study the structure of neutron-rich Cd isotopes. 

For Pb isotopes, the full shell-model results also agree well with our generalized 
seniority and nucleon-pair-approximation truncation calculations. The deviations 
between theory and experiment concerning the excitation energies and electromag- 
netic properties of low-lying 0* and 27 excited and isomeric states indicate that, as 
suggested by deformed mean field calculations, nuclear deformation as an induced 
intruder configuration from outside the model space should be important for nuclei 
in that region. Large-scale calculations are being carried out by including by neutron 
and proton core excited configuration. 


Shell Model Description of Heavy Nuclei 63 


References 


1 


2 


= 


Nupecc long range plan 2017 “perspectives for nuclear physics”. 


A N Andreyev et al. Signatures of the Z=82 Shell Closure in alpha-Decay 
Process. Phys. Rev. Lett., 110:242502, 2018. 


T. Back et al. Lifetime measurement of the first excited 2+ state in !°te. Phys. 
Rev. C, 84:041306, 2011. 


T Back, C Qi, B Cederwall, R Liotta, F G Moradi, A Johnson, R Wyss, and 
R Wadsworth. Transition probabilities near Sn-100 and the stability of the N, 
Z=50 shell closure. Phys. Rev. C, 87:031306, 2013. 


E. Caurier, F. Nowacki, A. Poves, and K. Sieja. Collectivity in the light xenon 
isotopes: A shell model study. Phys. Rev. C, 82:064304, 2010. 


B Cederwall et al. Evidence for a spin-aligned neutron-proton paired phase 
from the level structure of Pd-92. Nature, 469:68-71, 2011. 


S.A. Changizi, Chong Qi, and R. Wyss. Empirical pairing gaps, shell effects, 
and di-neutron spatial correlation in neutron-rich nuclei. Nucl. Phys. A, 940:210 
— 226, 2015. 


E. A. Coello Pérez and T. Papenbrock. Effective field theory for nuclear vibra- 
tions with quantified uncertainties. Phys. Rev. C, 92:064309, 2015. 


I. G. Darby et al. Orbital dependent nucleonic pairing in the lightest known 
isotopes of tin. Phys. Rev. Lett., 105:162502, 2010. 


D S$ Delion, R Wyss, R J Liotta, B Cederwall, A Johnson, and M Sandzelius. 
Investigations of proton-neutron correlations close to the drip line. Phys. Rev. 
C’, 82:024307, 2010. 


Zs. Dombradi et al. High-spin spectroscopy of !9°Te. Phys. Rev. C, 51:2394— 
2399, 1995. 


M. Doncel, T. Back, C. Qi, D. M. Cullen, D. Hodge, B. Cederwall, M. J. Tay- 
lor, M. Procter, M. Giles, K. Auranen, T. Grahn, P. T. Greenlees, U. Jakob- 
sson, R. Julin, $5. Juutinen, A. Herzan, J. Konki, J. Pakarinen, J. Partanen, 
P. Peura, P. Rahkila, P. Ruotsalainen, M. Sandzelius, J. Sarén, C. Scholey, 
J. Sorri, S. Stolze, and J. Uusitalo. Spin-dependent evolution of collectivity in 
12Te, Phys. Rev. C, 96:051304, Nov 2017. 


M. Doncel et al. Lifetime measurement of the first excited 2+ state in !!?Te. 
Phys. Rev. C, 91:061304, 2015. 


64 


14 


15 


16 


17 


18 


19 


22 


23 


24 


25 


Chong Qi 


S. Frauendorf and A.O. Macchiavelli. Overview of neutron—proton pairing. 
Prog. Part. Nucl. Phys., 78:24 — 90, 2014. 


G. Guastalla et al. Coulomb excitation of !°4Sn and the strength of the !°°Sn 
shell closure. Phys. Rev. Lett., 110:172501, 2013. 


B Hadinia et al. First identification of excited states in Te-106 and evidence for 
isoscalar-enhanced vibrational collectivity. Phys. Rev. C, 72, 2005. 


C. B. Hinke et al. Nature, 486(7403):341-345, 2012. 


L. Y. Jia and Chong Qi. Generalized-seniority pattern and thermal properties 
in even sn isotopes. Phys. Rev. C, 94:044312, Oct 2016. 


H. Jiang, C. Qi, Y. Lei, R. Liotta, R. Wyss, and Y. M. Zhao. Nucleon pair 
approximation description of the low-lying structure of 19% te and 1i. Phys. 
Rev. C, 88:044332, 2013. 


L. F. Jiao, Z. H. Sun, Z. X. Xu, F. R. Xu, and Chong Qi. Correlated-basis 
method for shell-model calculations. Phys. Rev. C, 90:024306, 2014. 


O. Moller, N. Warr, J. Jolie, A. Dewald, A. Fitzler, A. Linnemann, K. O. 
Zell, P. E. Garrett, and S. W. Yates. FE 2 transition probabilities in ''4Te: A 
conundrum. Phys. Rev. C, 71:064324, 2005. 


M. G. Procter et al. Anomalous transition strength in the proton-unbound 
nucleus. Phys. Lett. B, 704(3):118 — 122, 2011. 


M. G. Procter et al. Electromagnetic transition strengths in #9°te. Phys. Rev. 
C,, 86:034308, 2012. 


C Qi. Partial conservation of seniority in the j=9/2 shell: Analytic and numer- 
ical studies. Phys. Rev. C, 83:014307, 2011. 


C. Qi, A.N. Andreyev, M. Huyse, R.J. Liotta, P. Van Duppen, and R. Wyss. 
On the validity of the geiger—nuttall alpha-decay law and its microscopic basis. 
Phys. Lett. B, 734:203 — 206, 2014. 


C Qi, J Blomqvist, T Back, B Cederwall, A Johnson, R J Liotta, and 
R Wyss. Spin-aligned neutron-proton pair mode in atomic nuclei. Phys. Rev. 
C, 84:021301, 2011. 


C Qi and R Wyss. Physica Scripta, 91:013009, 2016. 


C Qi, Z X Xu, and R J Liotta. Analytic proof of partial conservation of seniority 
in j=9/2 shells. Nucl. Phys. A, 884:21-35, 2012. 


Shell Model Description of Heavy Nuclei 65 


[29] 


[30] 


31 


32 


33 


34 


35 


36 


37 


38 


39 


Chong Qi. Double binding energy differences: Mean-field or pairing effect? 
Phys. Lett. B, 717:436—440, 2012. 


Chong Qi. Large-scale configuration interaction description of the structure 
of nuclei around 100 sn and 208 pb. Journal of Physics: Conference Series, 
742(1):012030, 2016. 


Chong Qi. Shell-model configuration-interaction description of quadrupole col- 
lectivity in te isotopes. Phys. Rev. C, 94:034310, Sep 2016. 


Chong Qi. Partial conservation of seniority and its unexpected influence on e2 
transitions in g9/2 nuclei. Phys. Lett. B, 773(Supplement C):616 — 619, 2017. 


Chong Qi and Tao Chen. Exact solution of the pairing problem for spherical 
and deformed systems. Phys. Rev. C, 92:051304, 2015. 


Chong Qi, L. Y. Jia, and G. J. Fu. Large-scale shell-model calculations on the 
spectroscopy of n < 126 pb isotopes. Phys. Rev. C, 94:014312, Jul 2016. 


Chong Qi, X. B. Wang, Z. X. Xu, R. J. Liotta, R. Wyss, and F. R. Xu. Alternate 
proof of the rowe-rosensteel proposition and seniority conservation. Phys. Rev. 
C, 82:014304, 2010. 


Chong Qi and Z. X. Xu. Monopole-optimized effective interaction for tin iso- 
topes. Phys. Rev. C, 86:044323, 2012. 


M. Saxena et al. Rotational behavior of !2%1??:!?4Te. Phys. Rev. C, 90:024316, 
2014. 


I Talmi. Simple Models of Complex Nuclei: The Shell Model and Interacting 
Boson Model. Harwood Academic Publishers, 1993. 


F. Wang, B. H. Sun, Z. Liu, C. Qi, L. H. Zhu, C. Scholey, S. F. Ashley, L. Bianco, 
I. J. Cullen, I. G. Darby, S. Eeckhaudt, A. B. Garnsworthy, W. Gelletly, M. B. 
Gomez-Hornillos, T. Grahn, P. T. Greenlees, D. G. Jenkins, G. A. Jones, 
P. Jones, D. T. Joss, R. Julin, S. Juutinen, S. Ketelhut, S. Khan, A. Kishada, 
M. Leino, M. Niikura, M. Nyman, R. D. Page, J. Pakarinen, 5. Pietri, Zs. 
Podolyaék, P. Rahkila, 5S. Rigby, J. Sarén, T. Shizuma, J. Sorri, S. Steer, 
J. Thomson, N. J. Thompson, J. Uusitalo, P. M. Walker, and S. Williams. 
Reinvestigation of the excited states in the proton emitter '°'Lu: Particle-hole 
excitations across the n = z = 64 subshell. Phys. Rev. C, 96:0643807, Dec 2017. 


F. Wang, B.H. Sun, Z. Liu, R.D. Page, C. Qi, C. Scholey, S.F. Ashley, L. Bianco, 
LJ. Cullen, 1.G. Darby, S. Eeckhaudt, A.B. Garnsworthy, W. Gelletly, M.B. 
Gomez-Hornillos, T. Grahn, P.T. Greenlees, D.G. Jenkins, G.A. Jones, P. Jones, 
D.T. Joss, R. Julin, S$. Juutinen, S. Ketelhut, S. Khan, A. Kishada, M. Leino, 


66 


[42] 


[43] 


Chong Qi 


M. Niikura, M. Nyman, J. Pakarinen, S. Pietri, Z. Podolyak, P. Rahkila, 
S. Rigby, J. Saren, T. Shizuma, J. Sorri, S. Steer, J. Thomson, N.J. Thomp- 
son, J. Uusitalo, P.M. Walker, 5. Williams, H.F. Zhang, W.Q. Zhang, and L.H. 
Zhu. Spectroscopic factor and proton formation probability for the d3/2 proton 
emitter 151mlu. Phys. Lett. B, 770(Supplement C):83 — 87, 2017. 


Zhe-Ying Wu, Chong Qi, Ramon Wyss, and Hong-Liang Liu. Global calcula- 
tions of microscopic energies and nuclear deformations: Isospin dependence of 
the spin-orbit coupling. Phys. Rev. C, 92:024306, 2015. 


ZX Xu, C Qi, J Blomqvist, R J Liotta, and R Wyss. Multistep shell model 
description of spin-aligned neutron-proton pair coupling. Nucl. Phys. A, 877:51- 
58, 2012. 


Zhen-Xiang Xu and Chong Qi. Shell evolution and its indication on the isospin 
dependence of the spinorbit splitting. Phys. Lett. B, 724(45):247 — 252, 2013. 


